One way to increase the persistence of larvicidal toxins in mosquito breeding sites is to clone the corresponding genes in microorganisms, such as cyanobacteria, which could serve as a source of food for the larvae. We isolated and cultured 10 strains of cyanobacteria from three mosquito breeding sites along the French Mediterranean coast. Most of the strains were tolerant to a relatively wide range of salt concentrations, and all of them were totally or partially resistant to at least four of the five biological or chemical larvicides used in the local mosquito control program. Six unicellular strains from these habitats and Synechococcus strain PCC 7942, a strain maintained for more than 10 years under laboratory conditions, were assessed for ingestion and digestion by larvae Culex pipiens and Anopheles gambiae mosquitoes. The numbers of cells ingested and digested were dependent on the cyanobacterial strain and varied with the mosquito species. Three of the new isolates, Synechococcus strain PCC 8905 and Synechocystis strains PCC 8906 and PCC 8912, were ingested and digested rapidly by larvae of both mosquito species. Since these strains are also tolerant to larvicides and relatively resistant to elevated salt concentrations, they meet the basic requirements for potential recipients of bacterial genes that encode endotoxins.
Bacillus thuringiensis subsp. israelensis, isolated a decade ago, is highly toxic to mosquito and blackfly larvae by ingestion (5, 6) but does not affect nontarget organisms. B. thuringiensis subsp. israelensis is widely used as an effective biological control agent. However, applications of this organism need to be repeated frequently because of rapid sedimentation of the toxic entities out of the larval feeding zone. Another toxin-producing bacterium, B. sphaericus, is now used to control urban mosquitoes of the genus Culex. In addition, some strains of B. sphaericus are highly toxic under laboratory conditions against larvae of mosquito species such as Anopheles gambiae (15) , A. quadrimaculatus, A. albimanus, and A. stephensi (12, 23 ), known to be major malaria vectors. However, these mosquitoes generally breed in habitats exposed to sunlight. Field experiments have revealed short-term persistence of B. sphaericus due to rapid decay of toxicity caused by UV radiation (4, 13, 15) .
One way to increase the persistence of bacterial toxins in larval feeding zones or enlarge their host range in natural biotopes is to clone and express the toxin genes in organisms which propagate competitively in the breeding sites and serve as food for mosquito larvae. Cyanobacteria are good candidates, because these oxygen-evolving photosynthetic prokaryotes are widely distributed in mosquito habitats (14) and have been found in mosquito larva guts (8, 9) . Recent genetic studies render feasible the transfer of heterologous DNA and its expression in several of these organisms (22) . Cloning and expression of the toxin genes of B. sphaericus 1593M in the unicellular cyanobacterium Synechococcus sp. strain PCC 7942 (previously named Anacystis nidulans R2) have been achieved by Tandeau de Marsac et al. (21) . The recombinant clones were highly toxic to larvae of Culex pipiens. Angsuthanasombat and obtained low-level expression of the gene product and thus low toxicity of the recombinant clones.
Although laboratory experiments are promising, the possible limitations of the exploitation of these results must be considered. The few cyanobacterial strains which can be genetically manipulated might show poor growth and maintenance in natural breeding sites, as all of them have been cultured under laboratory conditions for many years. Moreover, there is a paucity of data on the ecology of cyanobacteria growing in mosquito breeding sites, as well as their role in the diet of mosquito larvae. The objective of the present study was to isolate cyanobacterial strains inhabiting mosquito breeding sites on the French Mediterranean coast and to select those which could serve as a food source for mosquito larvae. MATERIALS (ii) Choice of media. The marshland and salt marsh contained brackish water whose salinity and mineral composition are subject to seasonal variations. We therefore examined the salt requirement or tolerance of the isolates by cultivation in freshwater medium BG-11 (18) , synthetic marine medium ASN-III (18) , and BG-11 supplemented with 10% medium ASN-III (hereafter designated ASN-10). The major salt contents of these media are given in Table 1 . Erlenmeyer flasks (100 ml) containing 40 ml of culture medium were inoculated at the same (unicellular strains) or an approximate (filamentous forms) initial culture density. Growth was compared visually after 3 weeks of incubation without agitation under the light and temperature regimens described above. Tolerance to media ASN-10 and ASN-III was reconfirmed after second transfers into the corresponding media.
(iii) Growth measurements. Growth was determined in ASN-10 liquid medium. Erlenmeyer flasks (200 ml) containing 100 ml of ASN-10 medium were inoculated with 7-dayold stock cultures at an initial optical density of 0.1 (660 nm) and incubated on an orbital shaker (100 rpm) at 25°C under a low photon flux density of 10 ,umolIm2/s. Growth was monitored by optical density or chlorophyll a measurement. Chlorophyll a was determined on duplicate samples (2 ml) that were centrifuged at 15,000 x g for 10 min and stored as pellets at -20°C prior to analysis. Extraction was performed in 2 ml of methanol-H20 (9:1) for 30 min at room temperature in the dark. After sedimentation by centrnfugation (15,000 x g, 10 min), the chlorophyll a content of the supernatant was estimated on the basis of the A663 as described by Talling and Driver (20) .
Susceptibility of cyanobacteria to larvicides. The new cyanobacterial strains and the well-characterized cyanobacterium Synechococcus strain PCC 7942-spc, a derivative of Synechococcus strain PCC 7942 cured of its small plasmid (11) , were tested for susceptibility to five mosquito larvicides in the range of concentrations commonly applied in the field. The commercial formulations of larvicides were Abate (temephos, 50%), used at final concentrations of 2 and 0.02 mg/liter; Dursban (chlorpyrifos, 48%) and Paluthion (fenitrothion, 50%), both used at 10 and 0.1 mg/liter; and Vectobac 12 AS (B. thuringiensis subsp. israelensis) and Vectolex (B. sphaericus), both tested at 10 and 0.4 ml/liter. Flasks containing 40 ml of ASN-10 or BG-11 (for Synechococcus strain PCC 7942-spc) medium were inoculated with unicellular cyanobacteria to an A660 of 0.1 (or with homogenized filament suspensions to a similar initial cell density) and grown for 24 separate cultures were used for C. pipiens and A. gambiae. These suspensions (6 ml) were placed into petri dishes (55-mm diameter), and the larvae were allowed to feed for 30 min. The latter were then removed from the suspensions, and after removal of adhering cyanobacteria by washing with distilled water, the larvae were placed into deionized water to allow further digestion. At 30, 90, and 180 min after the beginning of the experiments (corresponding, respectively, to 0, 60, and 150 min after termination of feeding), 10 larvae were collected, rinsed with deionized water, and crushed in ASN-10 medium (1 ml) in a Potter grinder. The homogenates were centrifuged at 5,000 x g for 5 min, and the supernatants, containing most of the gut proteinases, were discarded. The pellets were suspended in ASN-10 medium (1 ml), and serially diluted aliquots (100 RI) were plated onto ASN-10 agar plates. After incubation for 14 (10 mg/liter) reduced the growth of five strains but did not affect the other six. Abate (2 mg/liter) had no effect on 9 of the 11 strains. Of the 11 strains tested, PCC 8912, PCC 8915, PCC 8934, PCC 8906, and PCC 8905 had the widest range of tolerance to the five larvicides. None of the chemical larvicides was lethal, since even strains relatively sensitive to either Paluthion or Dursban were able to grow at rates similar to those of control cultures after washing off of the insecticide. A second insecticidal treatment (see Materials and Methods) confirmed the results of the first treatment, although the inhibitory effect was marginally different for some strains.
Ingestion and digestion of cyanobacteria. Preliminary experiments with second-and fourth-instar larvae of Aedes aegypti, C. pipiens, and A. stephensi showed that they are able to feed on unicellular Synechococcus strain PCC 7942-spc and filamentous Calothrix sp. strain PCC 7601 (data not shown). After mosquito larvae fed on Synechococcus (A660 0.8; corresponding to ca. 108 cells per ml) or Calothrix (A660 0.4; corresponding to ca. 106 (FU/ml) cell suspensions, the times required for ingested cells to pass through the larval digestive tracts was determined by examination under a binocular microscope. This proved to be less than 1 h for Synechococcus sp. in both mosquito species (fourth-instar larvae), whereas for Calothrix this process took at least 3 h for larvae of A. aegypti and C. pipiens and 4.5 h for those of A. stephensi. We also observed that late-instar larvae (fourth instar) ingested more cyanobacterial cells than early-instar 1356 THIERY ET AL. Therefore, fourth-instar larvae were used to determine the degrees of ingestion and digestion of newly isolated unicellular strains by A. gambiae and C. pipiens. Synechococcus strain PCC 8905, which grows as a homogeneous suspension, is moderately tolerant to elevated salt concentrations and resistant to most of the five larvicides tested. It was used to determine the influence of cell concentration and culture age on the ingestion and digestion of C. pipiens and A. gambiae by larvae (Fig. 1A and B) . The degrees of ingestion, expressed as percentages of the initial viable counts, were relatively similar for larvae of both mosquito species at the two cell concentrations tested (A660, 0.05 and 0.2), provided that exponential cultures (4 days) were used for the feeding experiments. Culture age (exponential or early stationary phase of growth, represented by 4-and 11-day-old cultures, respectively) did not seem to influence significantly the extent of ingestion by C. pipiens, but the percentage of cells ingested by larvae of A. gambiae was much lower with older cultures (Fig. 1) . Maximum digestions, determined at 180 min, were similar for A. gambiae and C. pipiens (Fig. 1) , but the time course of digestion varied somewhat with the concentration and age of the culture, as well as with the larval species.
Because it is unlikely that mosquito larvae in natural breeding sites will encounter cyanobacteria only as exponentially growing populations, we decided to compare the ingestion and digestion of Synechococcus strain PCC 8905 and six additional unicellular cyanobacteria by C. pipiens and A. gambiae larvae by feeding them on cells in the early stationary phase of growth (Fig. 2) 
